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Abstract

We report a number of studies of variations in
the delay through GPS receivers used for timing
at NIST. As a first study, the data from the
receivers built at NIST in the early 1980's (called
the NBS-type receiver) are compared over
periods of many years to show variations in
delay. These receivers vary of the order of 5 ns
over a year, with the peak-to-peak variation of
10 ns over 6 years. A second study shows the
temperature dependence of the antenna system
and of the receiver unit of the NBS-type
receiver. The antenna system of one receiver
was held constant at 42 °C for the entire
experiment. The antenna of another system was
held at various fixed temperatures, and the
relative delay through the two antennas was
determined at each temperature. Similarly we
varied the receiver temperature of one system,
holding the antenna temperature constant.
Though the delay varied 2 ns over the course of
the experiment, this variation was not correlated
with temperature. We next report the delay
variation with temperature of a commercial
multi-channel GPS receiver, which we are
investigating for use in an alternative common-
view receiver. We studied the temperature
dependance of two receivers separate from the

antenna. In one unit, we found a 2.3 ns a peak-
to-peak variation of delay with temperature and
a 4.3 ns peak-to-peak variation in the other, both
over a range from 10 °Cto 55 °C. The delay
variation in both appears to be approximately
quadratic over some range of temperature.

Introduction

Common-view time transfer using GPS signals
has been used since the early 1980's as the best
operational time transfer method. Early in its use
it was believed to have an uncertainty of 10 ns
globally [1]. In the last few years some timing
laboratories which participate in the generation
of International Atomic Time have adopted a
goal of achieving an uncertainty of 1 ns
worldwide. While there is considerable research
into developing two-way satellite time and
frequency transfer, which has the potential for
increased accuracy and stability [2], the common
view system will always have some advantages.
The common-view method requires using only
passive reception of signals; there is no
transmission from the user station.
Consequently, the receivers are less expensive,
and the antenna systems smaller.

One barrier to achieving the goal of 1 ns
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uncertainty for GPS common-view time transfer
is the stability of the receiver delay. For
common-view time transfer we need only
calibrate the delay of one receiver relative to
another. However, any change in the delay
between calibrations directly degrades the time
transfer.

One design of GPS common-view receiver has
been in use since the early 80's. That receiver
was designed and originally built by what was
then called the National Bureau of Standards
(NBS), at the Time and Frequency Division in
Boulder, Colorado, USA. This agency is now
called the National Institute of Standards and
Technology (NIST), but the receiver is still
referred to as the NBS-type receiver. Thisis a
single channel, C/A-code only receiver which
tracks up to 48 satellites per day according to a
schedule.

We present data from two studies of the delay in
this NBS-type receiver. In one study we
document the long term change in the differential
delays among three receivers kept on-line
continuously at NIST. A second study shows
the change in differential delay as a function of
temperature of both the antenna and front-end
electronics which sit with the antenna outside, as
well as of the receiver unit which sits in the lab.

We are currently developing a new GPS
common-view time transfer system. We want to
take advantage of the new multi-channel GPS
technology to generate common-view data on a
networked computer. This could then be
accessed in near-real time. However, it is
essential that the receiver delay be as stable as
we can make it. We hope to achieve a stability
under 1 ns over a year. We are studying the use
a commercial GPS engine [3], a time interval
counter and a personal computer (PC) to control
them and the internet interface.
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We have found that the major change in the
delay through the commercial receiver system,
from the L1 signal as received at the antenna to
the 1 pulse-per-second (pps) out, is in the
receiver box separate from the antenna. This
box could typically be kept in the laboratory.

We have been studying the change in delay due
to temperature changes in this receiver box, in
two such units. We will refer to them as receiver
A and receiver B.

Long-Term Studies of NBS-Type Receivers
Using our stored GPS data, we compared
differential delays among our three on-line
receivers over several years. Since we keep
three receivers on-line at all times and the
receivers are driven by the same clock, we were
able to study common-view common-clock data
among them. The receiver systems consist of a
front-end antenna and electronics on our roof in
the outside environment, the antenna cable into
the lab, and the receiver-microprocessor-counter
which operates inside the building [4].
Variations in delay can come from any element
of this system. While all three systems are driven
by the same clock, the 1 pps reference cables
vary in length from about 10 m to nearly 100 m,
all running inside the building.

We look at NBS10; the primary receiver,
NBS11, the secondary receiver since 1991;
NBSO0S, our tertiary receiver from 1993-1996;
and NBSO08, our tertiary receiver since 1996.
Figure 1 shows the delay of NBS10 minus that
of NBS11 from 1991 to 1996. We see variations
over one year of typically about 5 ns. There
appears to be an annual period to the data,
though not clearly deterministic.
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Figure 1 The delay of NBS10 minus NBS11
over a six year period

We studied the common-clock common-view
NBS10-NBSO5 difference over the years 1993-
1996. The NBSO0S5 receiver was used for a
number of studies and experiments during this
period. Hence there were a few uncalibrated
jumps in delay due to equipment changes. To
view the stability of the NBSOS receiver we
estimated and removed the large time steps and a
constant of 230 ns. Figure 2 shows the reultant
values for NBS10 - NBS05.
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Figure 2 Residuals of NBS10 - NBSOS after
removing estimated time steps.

NBSO05 was taken off line in 1995 and replaced
with NBS08. In Figure 3 we show the NBS10-
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NBSO08 delays. Figure 3 shows a stability
between NBS10 and NBS08 comparable to that
between NBS10 and NBS11. We note an
apparant diurnal variation of about 5 ns peak to
eak.
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Figure 3 The delay of NBS10 minus NBS08.
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Next we combine the NBS05 and NBS08 data,
removing 230 ns from NBSO05 data to give us a
continuous reference to compare to NBS10,
independent of NBS11. The results are shown in
Figure 4.
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Figure 4 NBS10 minus the combined data from
NBSO0S and NBS08. The NBSOS5 data has had
various steps removed, as above, and a constant
230 ns.

Comparing Figure 4 and Figure 1, we see similar
diurnal swings. This suggests that a significant



part of the diurnal variation may either be due to
NBS10 or to a common-mode variation in the
other receiver systems.

Temperature Effects on NBS-Type Receivers
The antenna systems of two NBS-type receivers,
NBS08 and AOAS57, were placed in temperature
controlled chambers on the roof. NBS08 was
the reference receiver with its antenna held at a
constant temperature inside a chamber to 42 +1
°C. The sensor for this measurement was on the
mixer board inside the metal box holding the
antenna's front-end electronics. Figure 5 shows
the temperature logged from its chamber on the
roof.
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Figure S Temperature of NBSO8 antenna
system.

The NBS08 minus AOAS7 differential delay is
show in Figure 6 for the period of temperature
control.
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Figure 6 The difference in delays between two
NBS-type receivers with temperature controlled
antennas. The NBSO08 antenna was kept
constant at 42°C. The AOAS57 antenna
temperature varied.

Figure 7 shows the temperature of the AOAS57
antenna system.
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Figure 7 The temperature of the AOAS7
antenna system.

Averaging common-view common-clock
differences for NBS08 minus AOAS57 data for
each interval of relatively constant antenna
temperature, we plot the AOAS7 delay as a
function of antenna temperature in Figure 8. The
error bars are one standard deviation of the
mean, the standard deviation divided by the
square root of the number of points.
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Figure 8 The AOAS7 system delay as a
function of antenna temperature determined
against NBS08 while its receiver temperature
was relatively constant. Error bars are one
standard deviation of the mean.

A linear fit to the data in Figure 8 yields a
coeflicient of -0.03 ns/°C. Over the range of
temperatures measured this implies a total
change of -1.5 ns. With variations in delay of
order 2 ns when repeating the maximum and
minimum temperatures, we have little confidence
in this temperature coefficient.

Next we held the antenna system temperaure
constant at 50 °C and varied the receiver
temperature in a chamber in the laboratory. The
results for delay as a function of receiver
temperature are presented in Figure 9. The slope
of a linear fit through these data is also -0.03
ns/°C. Since the one standard deviation of the
mean error bars are bigger than this, we
conclude that this is insignificant.
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Figure 9 The AOAS57 system delay as a
function of receiver temperature determined
against NBSO8 while its antenna temperature
was held constant. Error bars are one standard
deviation of the mean.

A Multi-Channel Commercial Receiver

We next report on the stability of a commercial
multi-channel GPS receiver "engine." We have
taken two identical models of a commercial GPS
receiver[3], combined with a NIST time-interval
counter [5], and controlled by a PC running
NIST-developed software. We measure the 1
pps out of the receiver against our local
UTC(NIST) [6] 1 pps, using the time interval
counter. The PC controls the counter and
communicates with the receiver board through
an RS232 interface. The receiver board itself
communicates data with TTL logic, and both
receiver units had TTL to RS232 converters.
Both GPS receiver engines were placed in the
same system and measured against the same
local reference. We will refer to these systems as
receivers A and B.

The NIST counter has been shown to be
accurate to better than 300 ps. The software
runs the receivers in a single channel mode,
duplicating somewhat the data-taking process of
the NBS-type receivers. We take measurements
between the 1 pps output of the receiver locked



to GPS time and our local reference, the same
reference clock as used for NBS08 and several
other receivers. We also correct for the
granularity in the steering of the 1 pps output of
the commercial receivers. It is steered in 50 ns
steps, but data are available from the receiver
through the RS232 interface to correct for the
receiver's estimate of GPS time with a 1 ns
resolution. The receiver also supplies data to
allow users to estimate GPS time from individual
satellites when the receiver is locked to multiple
satellites. In order to accomplish multi-channel
common-view time transfer, such corrections are
essential. It appears, however, that when
tracking only one satellite at a time these
corrections for separating effects of different
satellites are not valid. They add biases that
change with each satellite. Hence, for this report
since we are tracking in single-satellite mode, we
use only the 1 pps signal and the corrections for
steering granularity from the receivers.

We start the counter with the local 1 pps and
stop with the 1 pps from the receiver locked to
GPS on only one satellite, then correct each
second for the steering granularity using the data
from the receiver. This give us a reference-GPS
measurement each second. We take 780 of these
matching the international tracking schedule, do
a linear fit to the entire set, and use the mid-point
for common-view time transfer with various
NBS-type receivers.

The antenna we used for this report was not the
one which came with the receiver. Rather we
purchased one from an independent
manufacturer, as well as a cable which was
designed to be low-loss at the L1 frequency. We
were unable to detect a dependence of delay on
antenna temperature. This is consistent with the
manufacturer's specification of a total delay of
about 10 ns.
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Figure 10 Common-view common-clock
difference of NBS08 minus the commercial
recetver A during the period of temperature
control of the receiver. The receiver was off-line
during the period of missing data.
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Figure 11 The temperature of the commercial
receiver A during the testing period.

We measured the dependence of delay on
temperature for receiver A by placing the
receiver engine in a temperature controlled
chamber in the laboratory. Common-view,
common-clock data from this receiver against
NBSO08 are shown in Figure 10. There appears
to be a step of about 15 ns which slowly decays
back over a day. This step appears to have
happened about 2 h after the receiver temperaure
was changed from 22 °C to 35 °C. The



temperature remained constant at 35 °C during
the decay period. This event remains an
unexplained anomaly. Such behavior must be
avoided to meet a design goal of 1 ns for a
common-view time transfer receiver. We have
rarely seen such effects. We will continue to test
several such commercial receivers. We have
been running this receiver in a single-channel
mode. Most users would rarely do so; it may be
that this effect does not appear in multi-channel
operation.

Figure 11 shows the temperautre of receiver A in
the chamber in which it was tested. Figure 12
shows the differential delay as a function of the
temperature. For this Figure the data during the
anomalous time step have not been used.
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Figure 12 The mean of the common-view
difference of the receiver A minus NBSO8 for
each of the periods of constant receiver A
temperature. Error bars are one standard
deviation of the mean.

Receiver B, was placed in a temperature
chamber in the laboratory as for receiver A, and
the temperature varied. The data taken during
this period are shown in Figure 13. The receiver
temperature in the chamber is shown in Figure
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14. The dependence of delay on temperature
resulting from this experiment is shown in Figure
15.

NBS0O8 — Commercial Revr B

654

Difference, ns
842 646 850

638

634

630

Doys Since MJD 50570

Figure 13 Common-view common-clock data
of NBSO8 minus the commercial receiver B.
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Figure 14 Temperature of the commercial
receiver B in the chamber.
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Figure 15 Receiver B delay as a function of
temperature. Error bars are one standard
deviation of the mean.

Conclusions

We have seen that the differential delay between
pairs of NBS-type receivers has typically varied
about 5 ns over a year. This study was between
pairs of receivers at the same location in nearly
identical external and internal environments. In
this case the 5 ns change seemed to be an annual
variation. Controlled temperature experiments
between two antenna systems from NBS-type
receivers showed no clear systematic variation
with temperature. Unfortuneately, the receivers
in the long term experiment were not tested for
temperature dependance of their delays.
Differential delays varied by about 2 ns over the
experiment, but did not seem to correlate with
either antenna or receiver temperature.
However, though the confidence on the antenna
delay temperature coeflicient of 0.03 ns/°C was
poor, such a coefficient could contribute 1.5 ns
over a 50 °C variation. 50 °C is not
unreasonable for the winter-summer variation on
the roof at NIST. If two receivers had a
temperature coefficient somewhat larger than
this with opposite signs, that could account for
what we see.
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Differential delays were measured between a
commercial multi-channel GPS receiver in single
channel mode held at various temperatures and
an NBS-type receiver with antenna temperature
held at constant temperature. Two units, A and
B, of the same commercial make and model were
tested against NBS08. There appear to be
systematic changes in delay through the
commercial receiver as a function of receiver
temperature, though these changes are not linear
with temperaure. They seem to be quadratic
over some range, with a 2.3 ns peak-to-peak
variation for receiver A, and a 4.3 ns peak-to-
peak variation for receiver B. It seems that this
could be controlled well since the component
whose delay varies with temperature could be
kept inside the lab. Still some temperature
control of the receiver should be done. The
anomalous 15 ns step and decay in receiver A is
of concern. If such events are rare or associated
with use in single-channel mode, our tests thus
far would indicate that this commercisl receiver
has promise for multi-channel, common-view
time transfer at the 1 ns level.
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